Abstract: BACKGROUND AIMS: In the last decade pegylated interferon-(Peg-INF-) plus ribavirin (RBV) was the standard treatment of chronic hepatitis C for genotype 1, and it remains the standard for genotypes 2 and 3. Recent studies reported associations between RBV-induced anemia and genetic polymorphisms of concentrative nucleoside transporters such as CNT3 (encoded by SLC28A3) and inosine triphosphatase (encoded by ITPA). We aimed to study genetic determinants of RBV kinetics, efficacy and treatment associated anemia. METHODS: We included 216 patients from two Swiss study cohorts (61% HCV genotype 1, 39% genotypes 2 or 3). Patients were analyzed for SLC28A2 single nucleotide polymorphism (SNP) rs11854484, SLC28A3 rs56350726 and SLC28A3 rs10868138 as well as ITPA SNPs rs1127354 and rs7270101 and followed regarding treatment-associated hemoglobin changes and sustained virological response (SVR). In 67 patients RBV serum levels were additionally measured during treatment. RESULTS: Patients with SLC28A2 rs11854484 genotype TT had higher dosage-and body weight-adjusted RBV levels than those with genotypes TC or CC (p=0.02 and p=0.06 at weeks 4 and 8, respectively). ITPA SNP rs1127354 was associated with hemoglobin drop 3 g/dl during treatment in genotype (relative risk (RR)=2.1, 95%CI 1.3-3.5) as well as in allelic analyses (RR=2.0, 95%CI 1.2-3.4). SLC28A3 rs56350726 was associated with SVR in genotype (RR=2.2; 95% CI 1.1-4.3) as well as in allelic analyses (RR=2.0, 95% CI 1.1-3.4). CONCLUSIONS: The newly identified association between RBV serum levels and SLC28A2 rs11854484 genotype as well as the replicated association of ITPA and SLC28A3 genetic polymorphisms with RBV induced anemia and treatment response may support individualized treatment of chronic hepatitis C and warrant further investigation in larger studies. 
rs10868138 as well as ITPA SNPs rs1127354 and rs7270101 and followed regarding treatment-associated hemoglobin changes and sustained virological response (SVR).
In 67 patients RBV serum levels were additionally measured during treatment.
Results: Patients with SLC28A2 rs11854484 genotype TT had higher dosage-and body weight-adjusted RBV levels than those with genotypes TC or CC (p=0.02 and p=0.06 at weeks 4 and 8, respectively). ITPA SNP rs1127354 was associated with hemoglobin drop ≥ 3 g/dl during treatment in genotype (relative risk (RR)=2.1, 95%CI
1.3-3.5) as well as in allelic analyses (RR=2.0, 95%CI 1.2-3.4). SLC28A3 rs56350726 was associated with SVR in genotype (RR=2.2; 95% CI 1.1-4.3) as well as in allelic analyses (RR=2.0, 95% CI 1.1-3.4).
Conclusions: The newly identified association between RBV serum levels and SLC28A2 rs11854484 genotype as well as the replicated association of ITPA and SLC28A3 genetic polymorphisms with RBV induced anemia and treatment response
Introduction
Worldwide, 130-200 million people are infected with the hepatitis C virus (HCV) and 350,000 people die from HCV related end-stage liver disease each year [1] . For the last decade, standard treatment for chronic hepatitis C has been combination therapy with pegylated interferon-α (Peg-INF-α) and ribavirin (RBV) [2] . Although its mechanism of action remains incompletely understood, RBV is important for achieving early virological response (EVR), sustained virological response (SVR) and, in particular, the reduction of relapses [3] [4] [5] .
In general, RBV is well tolerated, but it frequently induces dose-dependent anemia, requiring dose modifications in up to 22% of patients [5] [6] . Current recommendations call for RBV dose reduction if hemoglobin (Hb) levels drop below 10 g/dl and demand treatment discontinuation at a Hb level < 8.5 g/dl, or suggest adjuvant treatment with erythropoietic growth factors [7] . However, RBV dose reduction can adversely affect its efficacy [8] . In turn, in a study of 118 untreated HCV genotype (GT) 1 infected patients, a significant Hb decline during antiviral treatment was associated with a higher SVR rate, while a lack of Hb decline correlated with decreased SVR [9] . These data suggest that the extent of Hb decline could be a pharmacodynamic marker of RBV exposure, which may predict its antiviral effect more precisely than the RBV dose.
Several genetic polymorphisms have recently been found to influence RBV induced anemia. A genome-wide association study identified two single nucleotide polymorphisms (SNPs) (rs1127354, rs7270101) in the gene coding for inosine triphosphatase (ITPA), which were associated with RBV related anemia [10] .
Interestingly, rs1127354 and rs7270101 were shown to markedly reduce ITPA activity [11] , which causes a higher concentration of inosine triphosphate (ITP) in erythrocytes [12] . Higher ITP concentrations are believed to protect against RBV induced ATP depletion and consequently anemia [13] [14] by substituting for erythrocyte GTP in the biosynthesis of ATP [15] . Interestingly, in the above-mentioned study there was no association between these polymorphisms and treatment response, which would be expected based on such a mechanism.
Another host determinant of interest is the family of concentrative nucleoside transporters (CNTs), encoded by SLC28 genes. CNTs mediate sodium-dependent uptake of nucleosides and their analogues including RBV. CNT2 (encoded by SLC28A2) is a purine-preferring transporter, whereas CNT3 (encoded by SLC28A3) has a more global spectrum for purines and pyrimidines [16] . In the human duodenum, mRNA expression of SLC28A2 is 15-fold higher compared to other uptake transporters [17] and it is also expressed in the kidney as well as other parts of the gut. CNT2 (encoded by SLC28A2) is the main uptake transporter for RBV in the small intestine, mainly the jejunum [18] . In line with its prominent role in RBV uptake, SNP rs11854484 in the coding region was the best independent predictor for SVR in 115 HCV-infected patients in the study by D'Avolio et al. [19] . CNT3 (SLC28A3) is considered to be another important target in RBV uptake and metabolism. Transcripts of SLC28A3 are found in the pancreas, the duodenum, the liver and other organs [20] . Recently, genetic polymorphisms rs10868138G/rs56350726T have been reported as being protective against RBV induced anemia in a population of 169 patients infected with HCV genotype 1, but no association with therapeutic outcomes was found [21] .
Replication of genome-wide association studies by a targeted approach in different populations is an important contribution to their validation. In addition, previous studies did not simultaneously evaluate the effects and possible interactions between 7 genetic polymorphisms of SLC28 and ITPA. Therefore, the present study aimed to examine the isolated and combined contribution of SLC28 and ITPA variants on RBV plasma concentrations, RBV induced anemia and treatment outcome.
Materials and Methods

Study design and patients
We included 216 patients in the main analyses. Among those 194 patients were from the Swiss Hepatitis C Cohort Study (SCCS) [22] (110 GT 1, 84 GT 2 or GT 3), and another 22 patients from Swiss Association for the Study of the Liver (SASL) study 24 (GT 1). Detailed criteria for selection in both cohorts are presented in Figure 1 . In addition, we studied another 13 patients undergoing antiviral therapy with Peg- received either standard body weight-based dosages (800-1200 mg; n=36) or doses adjusted according to target drug levels > 3.7 µg/mL (1400-3200 mg; n=13). Since RBV dosage was adjusted during the course of treatment only drug levels at weeks 4 and 8 were used for our analysis. RBV drug levels were determined by highperformance liquid chromatography mass spectrometry (HPLC/MS) (Thermo Finnigan TSQ 7000, Thermo Fisher Scientific, Reinach, Switzerland).
DNA isolation and genotyping
DNA was isolated from peripheral blood mononuclear cells (PBMCs) by using the 0.17±0.06 mg/l at week 8; p=0.06). Part of our study population is from the SASL study 24, where different RBV dosages were used to obtain certain target RBV levels during treatment. The observation of higher RBV levels in TT genotype (SLC28A2 rs11854484) was also found in the subgroup of SASL-24 patients that were targeted to RBV drug levels > 3.7 µg/mL and therefore received higher RBV dosages. In contrast, no significant differences were observed for TT vs. CT_CC genotypes of rs56350726 and rs10868138 (Figure 2 B and C) . No difference in RBV serum levels was observed in cirrhotic vs. non-cirrhotic patients. 
RBV induced anemia and SLC28A2 and ITPA genotypes
In 101 of 170 patients (59.4%) Hb levels dropped > 3 g/dl during antiviral treatment.
Associations of SLC28 and ITPA polymorphisms with Hb drop > 3 g/dL during antiviral therapy are presented in Table 3 and Figure 3 .
For SLC28 transporter genetic variants we observed no significant differences. In contrast, homozygous carriers of the ITPA rs1127354 CC genotype had a 2.1 times significantly higher risk for Hb drop > 3 g/dL than patients with CA genotype, and also the allelic analyses indicated a 2 times significantly elevated risk for the C allele.
In addition Figure 4 presents percentages of patients with pronounced Hb drop over strata of different ITPA activities based on their genotype (ITPA rs1127354 and rs7270101 combinations according to Fellay's ITPA activity class). As shown, the more pronounced the ITPA deficiency, the lower the risk of RBV induced anemia.
SVR and SLC28 and ITPA genotypes
Associations of therapeutic outcome with SLC28A and ITPA genetic variants are presented in Table 4 and Figure 3 . Carriers of the homozygous SLC28A3 rs56350726 TT genotype had a significantly 2.2 times higher risk for reaching SVR compared to AT and AA carriers. Allelic analysis revealed a similar result with a 2 times higher chance for SVR associated with the T allele. An association with a 13 relative risk of 1.5 and 1.4 with borderline statistical significance was detected for SLC28A3 rs10868138 in genotypic and allelic analyses, respectively.
In contrast, no correlation of SVR with ITPA, neither in genotype or allelic analysis nor with its functional Fellay class could be observed.
Furthermore, the combined analysis of overall ITPA activity according to Fellay and SLC28A variants together revealed no significant additive effects on either treatment related anemia or SVR (data not shown).
Genetic associations stratified over the presence of cirrhosis
Because cirrhotic patients are a difficult to treat population for reaching therapy response in antiviral therapy and the effects of genetic factors may differ in this subpopulation we conducted additional stratified analyses for all associations reported above. However, effect estimates were closely similar when analyses were restricted to patients without cirrhosis (relative risk of homozygous SLC28A3 rs56350726 TT genotype for reaching SVR; RR 2.7, 95% CI 1.1-6.5), or calculated as pooled estimates from strata with and without cirrhosis according to MantelHaenszel, where also tests for heterogeneity did not indicate statistically significant differences between those two strata.
Discussion
Although the precise mechanism of action is still unknown, providing HCV-infected patients with adequate doses of RBV during antiviral treatment is pivotal for achieving an optimal therapeutic response. Thus, the extent of RBV exposure is an important determinant of SVR. However, data on possible associations between RBV levels and polymorphisms of genes determining RBV pharmacokinetics is scarce.
Pharmacokinetic studies have recently shown that higher RBV levels during treatment are associated with a higher probability of early, rapid and sustained virological response [23] [24] . RBV pharmacokinetics are complex, with high inter-and intrapatient variability [25] and a long terminal elimination half-life. As SLC28A transporters are mainly involved in RBV uptake into cells, they are of particular interest for genetic analysis.
The present study links SLC28A2 rs11854484 polymorphism to higher RBV drug levels during combined Peg-INF-α/RBV treatment, and SLC28A3 rs56350726 variant was associated with SVR in this study. No additive effects of ITPA variants and combined activity could be observed.
To characterize the modulating effect of SLC28 transporter variants on RBV levels during antiviral therapy their associations with RBV drug levels in vivo and treatment related outcome parameters were analyzed. SLC28A2 is the main uptake transporter in the small intestine [18] . Uptake kinetics for different genetic polymorphisms were analyzed in a recent study in Xenopus laevis oocytes [16] but no difference in uptake of RBV in the analyzed genetic variants could be detected in this experimental setting. In contrast to these in vitro uptake kinetics, the presence of homozygote alleles TT in our patient population was significantly associated with higher serum RBV levels at both weeks 4 and 8. Despite these discrepant findings, we conclude from our data that the TT genotype might facilitate RBV absorption in the small intestine, which in turn may lead to increased RBV bioavailability. In support of an increased RBV bioavailability we found also a trend towards increased frequency of treatment related anemia for the same allelic variant in our study population. Finally, a functional consequence of the respective SLC28A2 rs11854484 variant in vivo is also supported by a study from D'Avolio et al. reporting a significant association of SLC28A2 rs11854484 with SVR [19] .
Concerning other common genetic uptake transporter variants and their potential impact on RBV induced adverse effects a recent study showed an association between SLC28A3 rs10838138 genotype and SLC28A3 rs56350726/rs10838138
haplotype to RBV induced anemia in 169 HCV patients [21] . Accordingly, the same genetic variants have also been analyzed in the present study population without significant association to a treatment induced Hb decline of > 3 g/dL. However, in our study patients with the TT genotype had a significant higher relative chance for reaching SVR than patients with SLC28A3 rs56350726 variant who were protected against anemia [21] . These findings also suggest a functional involvement of SLC28A3 variants, possibly due to an effect on RBV uptake. However, in our subgroup of 49 patients with available RBV levels during treatment we did not observe a significant difference in RBV levels for either rs56350726 or rs10838138.
The power of this subgroup analysis is limited and therefore does not preclude such a functional impact of SLC28A3 variants on RBV uptake.
Recent studies have reproducibly identified polymorphic variation of the ITPA gene leading to enzymatic ITPA deficiency as a major determinant of RBV induced hemolytic anemia [26] [27] [28] [29] . ITPA deficiency results from two SNPs rs1127354
(missense variant in exon 2) and rs7270101 (splicing-altering SNP located in the second intron) of which both minor alleles cause reduced or non-detectable ITPA activity. Patients who are heterozygous for rs1127354 and rs7270101 have a lower risk for Hb drop > 3 g/dl during antiviral therapy [10] . This association was confirmed in our study for allelic and genotypic rs1127354 variants. And similarly to the study by Fellay et al., no association between ITPA polymorphisms and therapy outcome was found. To date ITPA polymorphisms have only been associated to therapy response in selected subgroups of larger study populations [30] [31] . Given the demonstrated functional effects on RBV metabolism and uptake at different levels, additive effects together with SLC28A transporter variants on both treatment-induced anemia and therapy success could be hypothesized. However, no such effects of coinheritance were observed in the present study and have not been reported elsewhere to date.
In addition, our stratified analyses over the presence of cirrhosis were able to exclude that this factor may have confounded our results.
Most recently, DAAs (Telaprevir and Boceprevir) were registered in the U.S. and
Europe for the treatment of patients with HCV GT 1 infection. The decreased viral clearance rates in the RBV free treatment arms of recent clinical studies [32] [33] show the importance of RBV as a backbone in combination therapy with DAAs at least in the near future, and treatment-related anemia will remain a clinical challenge.
In our patient database we also identified 13 eligible patients with antiviral triple therapy treatment. Due to the small patient number separate analyses of this additional population of interest suffered from a lack of statistical power. However results for RBV concentrations and effect estimates for genetic associations did not suggest major differences, and future studies may further investigate this population with current standard of care.
For interpretation of our data, it is important to note that the majority of patients were recruited from the SCCS in a retrospective fashion. Together with the patients from SASL study 24, the study design allows the recruitment of a considerable number of patients with available RBV levels during treatment simultaneously fulfilling all in-and exclusion criteria (Figure 1) . Nevertheless, the power of the RBV level subcohort is still marginal and requires the inclusion of different HCV genotypes.
The present study contributes to the understanding of genetic variants involved in RBV bioavailability as it shows an association of increased RBV levels and hemolytic anemia with SLC28A2 rs11854484 TT genotype. Further associations between SVR and SLC28A3 rs56350726 in this study are well in accordance with increased hemolytic anemia observed in other cohorts. In summary, these data place SLC28A
transporter variants in a central position in complex RBV pharmacokinetics. Further understanding of the genetic determinants underlying RBV pharmacokinetics should contribute to optimize an individualized treatment that can be envisaged in the near future. ITPA deficiency genotype (Fellay class) 
TABLES
